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Personal Experience @ ATF-I

O During the early 90’s we have been 6

Investigating two-stage traveling s ’I 7

wave amplifier. The two stages were - - <—wy
severed by a lossy-section. “n — L

0 Decelerating force exerted by the FIG. 2. Schematic showing the assembly of a two-stage sev-

ered amplifier. The first stage uses a dielectric loaded ampli-

Wake_ﬁeld on the generating bunCh fier and the second stage a 10 period narrow band (low group

velocity) structure. (1) Electron beam diode, (2) dielectric

depends on the conductivity. ture, (5) output horm, (6) input waveguide, (7) magnetic field
coils.
O Naturally the question was raised Eddy currents
what happens if rather than a passive
medium, we employ active medium ® Primary Field

\ 4

Reaction Field

L. Schachter; Phys. Lett. A ., 205, p. 355-358(1995).




Personal Experience @ ATF-I

ATF-I provided a unique opportunity due to availability of intense
laser beam and 45MeV electron beam. Essential set-up:

CO, LASER
0.5GW - 0.2 nsec . COg2 active

medium Diagnostics

""“"" Macrobunch Microbunches PASER Accelerated
cell microbunches
Accelerator

45 MeV - 5 psec




Personal Experience @ ATF-I

PRL 97, 134801 (2006)
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We report the first experimental evidence f
radiation. In the framework of this proof-of-
modulated by a high-power CO, laser and !
microbunches experienced a 0.15% relat’ Z
interaction region. According to our experin.
than 200 keV each, implying that such an elecu.
collisions of the second kind.

DOL: 10.1103/PhysRevLett.97.134801

1 28 September 2006)

-celeration by stimulated emission of
\_q = MeV electron macrobunch was

,?\\,;») ~as mixture. The emerging

“><s than 40 c¢m long

\f' ve gained more

£2 X 108

NewScientist

Lasers inspire new way to get electrons pumped up

That's no laser, it's a particle accelerator
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Wake Amplification

Limitations and solutions

O Problem: PASER as single-particle process, 1s competitive
below Cherenkov condition otherwise, the deceleration
associated with the latter dominates.

0 Solution: operate above Cherenkov, rely on collective
amplification by the active medium — like in a LASER except
that the homogeneous wave 1s replaced by a wake.

O Problem: low gain & = 1[111_1]

O Solution: operate near the Cherenkov “cut-off”

Ezsr—ﬁ_zwo

5

Voin M. & Schéachter L.; PRL 112, 054801 (2014)




Wake Amplification

Cherenkov in passive medium

e
-

o Confined in a cylindrical waveguide

o0 Boundless case

A o exp|jw H 52>

- Cps L
A \/é} e

0 Near Cherenkov cut-off, eigen-frequencies are elevated.

W s - A J0<p8):()
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Voin M. & Schéachter L.; PRL 112, 054801 (2014)



Wake Amplification

Cherenkov in Active Medium — bounded case

0 Dielectric coefficient e /\w

O Resonant eigen-frequency

Aw C Q
(ot =y - il g Lol P L] 3= A e
7 ’ ]4 \/ 2Aw5r—ﬁ_2 e

0 Example based on| b. Haberberger, S. Tochitsky, C. Joshi, Opt. Express 18 (2010)

Aw ™~ 2rx3Tx10% E = 1.42x107%, o = 1[m—1]
0 Three orders of magnitude gain-enhancement
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Wake Amplification

Resonant eigen-mode on axis

EJ%Q i g Z-a
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Voin M. & Schéchter L.; PRL 112, 054801 (2014)




Wake Amplification - Linear
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O Gradient spectrum of 1000 Bessel harmonics at four pressures

O 3-4 orders of magnitude difference between amplitude of
resonant mode and all the others.

O off resonance the difference 1s less pronounced 11



Wake Amplification - Saturation

# Wake and population inversion dynamics — slowly varying amplitude

2,01
10° Ilmeemmmm e ?

1.5/ — | . 0.7GV/m
o Y A TE

1.0 = Lmear theory,

y e

' - sgt_ pS?C'

g .

0.0 = 10’ :
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T = ﬁ(t — %) fel'lem| = fe(t — ;)

# Wake reaches saturation on less than 1nsec time scale
ity



Wake Amplification — Acceleration options

High charge: Exponential growth
compensates the beam-loading

E (B cT., r=0)| (GV/m)

1.0

0.5

0.8.

Macro-bunch trapped in @

O
9% >

(D

Low charge: Weak beam-
loading thus low efficiency !

2.0 4.0 6.0 8.0 10.0
el em]
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Wake Amplification — Two-Beam Acc.

Essence of the proposed paradigm:
0 Driving beam replaced by trigger train of micro-bunches (mB).
O Trigger beam does not carry the energy required for acceleration

0 It excites a quasi-coherent Cerenkov-wake that is amplified by
the medium.

o It is the latter that contains the energy necessary for acceleration.

0 As the medium is depleted, the field reaches saturation and this
1s where the train of bunches to be accelerated is placed.

UL o Y aaall -




Wake Amplification - TBA

Essence of the proposed paradigm (cont.):
0 Depletion occurs on time scale of less than 1 nsec.
0 Rep-rate determined by luminosity - 10'%sec’!

0 At optical scale, typically, one mB contains up to 10* electrons.

0 Trigger train may contain 10° mB’s thus, the rep-rate higher
than 10MHz is required.

T - T
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Optical Injector S Ti+tssroncs

Problem: How do we generate a train of density modulated
micro-bunches of electrons with spacing on the optical scale?

Solution: We need a combination of ac and dc field such that
they both control the emission from the cathode . This way
bunches are generated at the cathode. But the energy of each
electron reaching the anode 1s determined by the dc alone. Train
duration is set by the ac duration. Concept works in the micro-
wave regime and needs to be adapted to optical wavelengths.

17



Optical Injector — Basic Operation
NI
E-:Ir.-_'
VAVAVAVIC

0 Both E and E, ., are slightly larger than 1/2 value needed
for onset of field emission.

0 When laser field in same direction as DC field —» emission
occurs

0 When laser field in opposite direction as DC field —
emission suppressed.

O Micro-bunch length 1s determined by the duration both field
components exceed the threshold value

18



Optical Injector — Schematic Setup

Both dc and ac field
components are parallel

Standing
wave
Etalon mirror
'SR
\T T ‘ Anode
| 527 il
e N Electron
Cathode e T i
g Anode
- ‘ j I ‘ >
Not drawn
Etalon mirror i 0T to scale
= - ~40 kW

s THOPTRON ICS
9



Optical Injector — Basic Model

O Field-emission cathode (Fowler-Nordheim)

e
154 x10°  |-6.83 x 1072 f(y) 3.79 x 10~*v/F
oy = Fexp =
p I p
0 Enhancement factor - F=RE
: d’z. e
0 Ignoring space-charge i [Epc + E e cos(at)]
m

o Time T,, for electron to traverse gap (g)

g= %{EDC%Ti —i—%EAC [1 = cos(thr)”

0 Mono-energetic e-beam, 2" term on right to be zero

wl = 2mn
tr 0

20



Optical Injector — Basic Model

0 To zero order, charge shielding tends to reduce field at cathode

eN

y 4% el,AK
EDC e Eeff - EDC’

250A

average number of electrons in gap N ,x & (Number of electrons
in single micro-bunch) x (Number of micro-bunches in gap)

O Charge per unit surface (A) in A-K gap given by

NeI,AK

10°

A

€

1.54/¢

n, _[ dtd -

0.54/¢c

{ P {VDC _ ENer +E, cos(a)t)}

100 g  2¢
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Optical Injector — Basic Model

For Epe = 40 kV, Exc = 10° V/m, ny = 940, g = 996 um

s THOPTRON ICS
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Channeling Radiation — Essentials

e Kumachov (1976): “It 1s predicted that there can be a new type of
radiation of relativistic channeled particles. A possibility of using this
radiation in physics is indicated, in particular, for creating a nuclear y-
laser .

e (Classically: the particle bounces back and forth between the symmetry
planes of the lattice and it generates radiation.

e QM: Relativistic particles are not affected in the

angitydinal direction. However, in the transverse @ @ @ @ @

direction the dynamics 1s determined by a periodic

potential — discrete states. The lowest is populated
by particles moving parallel to the planes. The
higher states are populated by particles which have
some transverse momentum. A particle may drop
from a high energy state to a lower one, emitting in @ @ @ @ @

the process a  photon. In this framework,

stimulated emission is feasible. M.A. Kumakhov, Phys. Lett. A 57, 17 (1976)




Channeling Radiation — Proposed Paradigm

Channeling Radiation w/o crystal ?! | _, Bessel optical bear

Oscillating "Channelingg
| 04 electron ragiation
e Replace the solid-state crystal <t

with an anti-propagating, .

| o

radially polarized Bessel
beam

e According to Maxwell’s
stress tensor the radial force

density is

2
5 W
<ﬁ>:_§0Ei ?L] sin” 6, |r
d’ 1 gk
—f_— ()Q—Lwisinzé’o = —O%x
dt 8 me yn,,
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Channeling Radiation — Non-coherent

e E = 10° V/m (42 MW), s 10.6 pm ST" ’ OPTRONIC§

7 N
/ \

105 108 10° Y 108
Epeam = 25 MeV 1107 I Enegam = 76 MeV \l 1107

10¢ | 3nC, 10 ps bunch 108 10* i 3nC, 10 ps bunch , 106

10i \ ! 110°
10 — 3 [ 1 104
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I | < e 10" x
v Ior & T | =

il -2 ]

10" 115 100 | : 18-§

il -4 B -

100 \ \ \ 105 10 \ \ \ 104

0.1 1 10 100 1000 0.1 1 10 100 1000
.-~ "E-bgam Radius, R, (um) E-beam Radius, R, (um)

O =1 6oV | 1 e 25 MeV beam (ATF lowest energy)

104 & 3nC, 10 ps bunchi :

o D / o generates mid-IR at ~1 MW/cm?
BB o2 e 76 MeV beam (ATF highest energy)
F 0y 102 % generates visible-NIR at >1 MW/cm?

100 | 10"+

| 1100 e 1 GeV ener enerates soft x-rays at
10 110
102 ‘ ‘ ‘ 102 >10 MW/cm?

0.1 1 10 100 1000

E-beam Radius, R, (um)
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Channeling Radiation — Non-coherent

e E _..=76MeV, ¢, =10 ps, and g, = 3 nC (corresponding to ATF e-beam),
and E; = 10° V/m (42 MW)

106 109 ¢
g - 8
105 | — ruser =106 um 187
104 [ aser= 106 106 |
- ﬂ'laser= 532 nm N 10° '
—_ 3 L 3
e o § 1%
T 10 s 102
~ 10 | 5 10 |
: L 109 ¢ =10.6 um
0 L 1F aser '
10 10_;%' reor = 1.06 um
107 ¢ 183 v = 5320M
102 L— 0 T 104t . . .
0.1 1 10 100 1000 0.1 1 10 100 1000
E-beam Radius, R, (um) E-beam Radius, R, (um)

e Shorter laser wavelength tends to yield shortest emitted wavelength and

highest flux
S T toprronics




Summary

e The unique combination of laser and e-beam at ATF facilitates to test novel
paradigms.

¢ In the present talk | revealed past experience and shared with you possible
experiments that may be performed at ATF-II:

1. Active Medium Two-beam Accelerator. Cherenkov wake
amplification -> saturation. Acceleration in linear regime to
compensate beam loading or at saturation when beam loading is weak.

Rabi trapping and acceleration.

2. Optical Injector — density modulated train of electron-bunches. The gap
is chosen such that the transit time is an integer number of laser
periods.

3. Channeling radiation result of interaction of e-beam with Bessel-
beam. Contrary to Inverse Compton scheme, the emitted wavelength
is determined by the intensity of the laser. Opens a variety of
possibilities: THz regime -> Soft X-ray



ATF-111? A personal view

e Current design is biased towards not structure based schemes

e There are several essentials for a structure-based ATF :

# An optical electron injector (CO, — based) .
Micro-bunches of a fraction of the wavelength (<A/4 ).
Periodicity A or larger.

Charge 1,000-100,000e in one micro-bunch
# “Know-how” to actually make dielectric structures
# Cold-test dielectric structure.

# Low emittance (nm x rad) beam e.g. electron microscope
or Van Der Graff to test beam insertion, transport,
radiation generation.



